The objective of this study was to determine whether sow milk yield per gland could be increased by reducing the interval between suckles (suckling interval). Eighteen sows were allocated at their first farrowing to three treatments comprising litter sizes of 6 or 12 piglets or a cross-suckling treatment that was imposed to increase suckling frequency. The cross-suckled treatment comprised two groups of six piglets each. Each suckling group was allowed to suckle the sow during 30-min intervals each day between d 6 and d 28 of lactation. The suckling interval was shorter (P < .05) for cross-suckled sows than for sows suckling single litters of 6 or 12 piglets during early lactation (d 10 to 14) and late lactation (d 24 to 28). Average piglet growth rate between birth and 28 d of age was greatest (P < .05) for piglets in the single litters of six and lowest for piglets in the cross-suckled treatments. Single litters of 12 piglets had the highest (P < .05) litter growth
Introduction
Sow milk yield is an important factor limiting piglet growth up to weaning (Hartmann et al., 1984) . However, the majority of experiments to date have revealed that 2026 rates, followed by the cross-suckled litters and then the single litters of six piglets. The concentration of lactose and fat in milk from sows remained relatively stable, although milk from the cross-suckled sows contained more protein in early lactation (P < .05). Milk yield of sows was not significantly increased (P > .05) by the cross-suckle treatment, although during early lactation, milk yield tended to be greater from sows in the cross-suckle treatment than from sows suckling single litters of six (8,920 g/d vs 7,819 g/d, P < .1). The concentration of DNA and total RNA and the RNA:DNA ratio in mammary glands was unaffected by treatment (P > .05). Sows with single litters of 12 piglets had the greatest total DNA in their udders (P < .05). However, individual gland weights were heavier (P < .05) in crosssuckled sows than in sows with single litters of 6 or 12 piglets. Increased suckling frequency seemed to play a role in increased mammary gland weight and milk production during lactation. milk production is relatively insensitive to manipulation of the management and nutritional strategies for sows. In contrast, the suckling demand imposed by the number (Auldist et al., 1998) and size (King et al., 1997) of piglets in a litter can have a major influence on milk yield. The increased sow milk yield associated with a larger litter is mainly a function of an increased number of functional glands, whereas the increased milk yield in response to heavier piglets is associated with increased production per gland. Milk production from individual glands may also be influenced by suckling frequency.
Suckling frequencies differ among sows; the typical suckling interval varies from 30 to 70 min for individual sows during the 1st wk of lactation (Jensen et al., 1991) . After observing that spontaneous day-to-day changes in suckling frequency were paralleled closely by changes in milk yield, Spinka et al. (1997) extended the suckling frequency from 43 to 71 min and found that, although milk intake per suckle increased by 30%, overall daily milk yield of the sow decreased by 21%. Whereas it is relatively easy to impose a longer suckling interval on sows by restricting access by the litter, it is much harder to manipulate suckling pressure to reduce suckling intervals. The aim of this experiment was to determine whether sow milk yield could be increased by reducing the suckling interval.
Materials and Methods

Animals and Treatments
Eighteen crossbred (Large White × Landrace) gilts were allocated at their first farrowing to one of three treatments comprising litter sizes of 6 or 12 piglets or a cross-suckling treatment that was imposed to increase suckling frequency. The litter sizes of 6 and 12 were established within 48 h after birth by cross-fostering piglets. A litter size of six piglets was also established on the cross-suckled sows within 48 h after birth.
The number of functional glands of each sow was set by the number of suckling piglets. Piglets were observed to determine which glands they sucked. From d 1 to d 6 of lactation, excess glands were taped daily with surgical tape to deny access by the litter to any glands greater than the prescribed number. By d 6 of lactation these excess, taped glands had regressed sufficiently to deny the supply of milk to piglets. The average combination of functional glands for sows with a single litter of six piglets and for the cross-suckled sows was the same: two anterior glands (1st and 2nd position), three mid-glands (3rd and 4th position), and one posterior gland (5th to 7th position).
The cross-suckling treatment comprised two suckling groups of six piglets each. On d 6 of lactation, the second group of six piglets were allowed access to each sow allocated to the cross-suckling treatment. Prior to d 6, the second groups of six piglets were suckled by spare sows. The two groups of six piglets suckling each crosssuckled sow were housed in two separate enclosures in the farrowing crate so at any time only one group was with the sow and the other group was kept in the enclosure. Each group was allowed to suckle the sow during alternate 30-min intervals each day between d 6 and 28 of lactation. By alternating the suckling group every 30 min, the suckling demand on the sow was increased above that of sows that were suckling a single litter of six piglets.
The cross-suckled treatment was used to reduce suckling interval in preference to imposing a very large litter. The cross-suckled treatment was designed to increase suckling pressure per functional gland, and therefore milk yield per functional gland, rather than to increase milk yield by increasing the number of functional glands, as occurs in large litters.
General Management
On d 108 of gestation, sows were moved into farrowing crates in an insulated and naturally ventilated building.
On the day of parturition, sows were offered 2.0 kg of a lactation diet containing 14.5 MJ DE/kg, 199 g CP/kg, and 11.0 g lysine/kg. Thereafter, daily food allowance was increased by .5 kg, until a daily maximum food intake of 5 kg was achieved. Piglets were denied access to both creep food and water and were weaned at 28 d of age.
Measurements
Ultrasonic backfat depth and live weight of sows were recorded 1 d after farrowing and again at weaning. Backfat depth was measured 45 mm from the midline at the level of the last rib. Milk yield for each sow was estimated over a 4-d period during early lactation, commencing on d 10, and during late lactation, commencing on d 24. On both occasions, yield was calculated from milk intakes of individual pigs estimated from their water turnover, determined by dilution of injected deuterium oxide (Pettigrew et al., 1987) using calculations described by King et al. (1993) . Samples of milk (1 to 2 mL) were collected from several teats of each sow by manual expression during suckling bouts, at the beginning of each measurement period. Milk samples were immersed in liquid nitrogen and stored at −70°C until they were analyzed. The concentrations of protein, fat, and lactose in the milk samples were determined by the methods described by Atwood and Hartmann (1992) .
Suckling frequency of the sows with 6 or 12 piglets was estimated from video monitoring of sows and their litter from 0800 for the subsequent 24-h period. The video monitoring occurred during both early (d 9) and late (d 23) lactation and was completed before the start of milk yield measurements. Sows in the cross-suckled treatment were continually observed between d 6 and d 28 of lactation, and suckling frequency was recorded by manual observation on d 9 and d 23. Individual piglets were identified, together with the gland at which they suckled, at every suckling bout during the 24-h observation period. Only those piglets that obtained their entire milk supply from one specific gland were included in the subsequent data analysis to determine the relationship between milk yield and weight of individual glands. The intramammary pressure and duration of milk ejection was measured (Hartmann et al., 1997) on at least five occasions for each sow on d 8 and d 22 of lactation.
On d 28, the first successful suckle after 0800 was recorded and the litter was weaned from the sow. Sixty minutes after the successful suckle, the sow was killed and the udder was immediately dissected from the body. The udder was dissected into each functional gland. Skin, muscle, and any peripheral fat were removed. The trimmed and skinned mammary gland was weighed and sampled. The weights of all trimmed, functional glands were summed to give total udder weight. Two samples of approximately 2 g each were taken from between the teat and the perimeter of each gland. The samples were frozen in liquid nitrogen and stored at −70°C for analysis of RNA and DNA. The concentration of RNA and DNA Suckling treatments of 6 and 12 had sows that continually suckled 6 and 12 piglets, respectively, from parturition d 28 of lactation. The litter treatment 6/6 comprised two suckling groups of six piglets; each group was allowed to suckle the sow during alternative 30 min from d 6 to 28 of lactation.
Within a row, means lacking a common superscript differ (P < .05); in the absence of superscripts, means are not significantly different.
in representative gland samples from each udder was determined in triplicate, using kit assays (Life Technologies Industries, Grand Island, NY).
Each udder was subsequently minced and sampled for dry matter content. Samples were then freeze-dried and ground for analysis for dry matter, protein, ash, and fat (AOAC, 1984) . Lactose content was determined by a modification of the method to measure lactose in milk (Atwood and Hartmann, 1992) .
Statistical Analysis
Treatment comparisons were made by analysis of variance procedures for a completely randomized design using the GENSTAT statistical package (Lawes Agricultural Trust, 1987) . Analysis of variance with factors (treatment and run) were tested for variables separately for each stage of lactation. Differences between means were determined by an LSD comparison of the least squares means. Regression analysis was used to determine the relationship between individual gland weight and milk yield from that gland.
Results
Average food intake of sows was 4.57 kg/d and was unaffected by treatment. Sows suckling the single litters of 12 piglets lost more live weight and backfat than sows with litters of six piglets or sows in the cross-suckled treatment (Table 1) . Individual piglets suckling sows in the cross-suckled treatment grew more slowly than piglets in the single litter of six piglets, whereas the growth rate of piglets in the single litter of 12 was intermediate. Total litter growth rate was fastest for sows suckling 12 piglets and slowest for sows suckling six piglets, and the litter growth rate of the cross-suckled treatment was intermediate.
Total milk yield in early (d 10 to 14) and late (d 24 to 28) lactation was significantly greater in sows suckling the single litter of 12 piglets, but sows in the crosssuckled treatment tended (P < .1) to produce more milk than sows suckling the single litter of six piglets during early lactation (Table 2 ). The lactose and fat concentra- Suckling treatments of 6 and 12 had sows that continually suckled 6 and 12 piglets, respectively, from parturition until d 28 of lactation. The litter treatment 6/6 comprised two suckling groups of six piglets; each group was allowed to suckle the sow during alternative 30 min from d 6 to 28 of lactation.
tion of milk was unaffected by experimental treatment, but milk from sows suckling two litters of six pigs contained more protein, particularly in early lactation (Table 2). Imposing the increased suckling demand by alternating two litters every 30 min significantly reduced the suckling interval during lactation, although the effect diminished during late lactation ( Table 2 ). The duration of milk ejection was 11 s in late lactation and was unaffected by treatment. However, in early lactation, the duration of milk ejection was significantly longer in sows that suckled a single litter of six piglets.
Sows that suckled 12 piglets had greater total wet mammary tissue than sows suckling only six piglets, and the cross-suckled treatment was intermediate (Table 3) . However, the average weight of individual glands in sows in the cross-suckled treatment was greater than for sows suckling six piglets, which were heavier than the glands in sows that had 12 functional glands (Table 3 ). In the udder of sows suckling the individual litter of six piglets, the proportion of protein was less and the proportion of fat was greater than the respective proportions in sows with 12 functional glands. The amount of lactose in the udder 60 min after a successful suckle was significantly greater in the cross-suckled treatment. The total amount of DNA in the wet mammary tissue was greatest for sows with 12 functional glands. Although the total DNA in mammary tissue of the cross-suckled sows was greater than for sows with single litters of six piglets, the difference was not statistically significant (Table 4 ). The concentrations of RNA and DNA were unaffected by suckling demand, as were the RNA:DNA ratio and the total amount of RNA (Table 4) .
In late lactation the milk yield from an individual gland was positively related to mammary gland weight. The influence of individual gland dry weight (W, g) on average milk yield (Y, g/d) of glands was described by these equations: Suckling treatments of 6 and 12 had sows that continually suckled 6 and 12 piglets, respectively, from parturition until d 28 of lactation. The litter treatment 6/6 comprised two suckling groups of six piglets; each group was allowed to suckle the sow during alternative 30 min from d 6 to 28 of lactation. 
Discussion
Compared to sows suckling one litter of six piglets, the cross-suckled sows had a shorter suckling interval, resulting from the higher suckling demands imposed on the functional glands of these sows. This was accompanied by an increase in milk yield. In response to the decrease in suckling interval from 44.9 to 34.9 min, milk yield tended to increase by 14% during early lactation. In late lactation the 9% decrease in suckling interval was accompanied by a difference in milk yield of 4%. Spinka et al. (1997) also demonstrated that decreasing suckling interval in sows increased daily milk output. Milking three times daily instead of twice daily can also increase milk yield in cows (Poole, 1982) and goats (Henderson et al., 1983) .
A response of increased milk yield to more frequent suckling, or milking in dairy species, is consistent, and it might be anticipated that mammary development would be enhanced to sustain the increased milk yield. The concentration of DNA has been used as a biochemical indicator of the number of epithelial cells in mammary tissue and total RNA as an index of the intensity of synthetic activity (Hacker and Hill, 1972; Kensinger et al., 1982) , with the total RNA:DNA ratio indicating the activity per cell. In our experiment, suckling demand failed to affect the concentration of nucleic acids in mammary tissue, although, had messenger RNA of a milk protein been measured, a difference in activity might have been detected. The total amount of DNA in the udders was greatest for sows with 12 functional glands. The total DNA in the udders of the cross-suckled sows was greater than for sows with single litters of six piglets, although this was not significant at the 5% level. Thus, any increase in milk yield of cross-suckled sows probably Suckling treatments of 6 and 12 had sows that continually suckled 6 and 12 piglets, respectively, from parturition until d 28 of lactation. The litter treatment 6/6 comprised two suckling groups of six piglets; each group was allowed to suckle the sow during alternative 30 min from d 6 to 28 of lactation.
was due to greater mammary mass rather than to increased concentration of secretory cells or increased synthetic activity of the cells in mammary tissue. Milking dairy cows more frequently than twice daily increases milk yield, and Hillerton et al. (1990) suggested that cell proliferation was stimulated locally in the more frequently milked glands. Earlier, Wilde and Knight (1989) reported that frequency of milk removal affects both cellular differentiation and cellular proliferation in mammary tissue. In addition, Tucker et al. (1967) found that increasing the daily suckling frequency increased mammary cell numbers in rats. The results of our experiment provided evidence that increased suckling demand resulted in greater development of mammary tissue during lactation. At the end of lactation, the cross-suckled sows had 17% more total udder tissue (g DM) than sows suckling a single litter of six piglets (i.e., 4,038 × [1 − .808] = 775 g DM udder tissue and 3,198 × [1 − .793] = 662 g DM udder tissue for cross-suckled sows and sows with single litters of six piglets, respectively).
Sows on which the greater suckling demand had been imposed had a greater lactose concentration in the mammary gland 1 h after a suckle, indicating increased milk secretion in these sows. Assuming that the lactose content of sow milk is 56 g/kg (Auldist et al., 1998) , the amount of milk in the udder of sows suckling the single litter of six was only 496 g, whereas there was 772 g milk in the udder of sows under the increased suckling frequency treatment. These results provide further evidence that milk secretion had been increased in sows in which a greater suckling demand was imposed by reduced suckling intervals.
The removal of milk from the mammary gland is of the utmost importance for the maintenance of milk secretion. Secretion of milk that is available to the piglet is almost complete within 35 min after the preceding suckling bout (Spinka et al. 1997 ). Thus, piglets will receive a similar amount of milk at various suckling intervals above approximately 35 min. Piglets suckling less frequently will collect this standard dose of milk less frequently and hence have a lower daily milk intake.
These results raise the question of how milk secretion in the mammary gland is regulated. Spinka et al., (1997) suggested that milk yield is not determined by the rate of milk secretion from secretory cells, but rather by the volume of alveoli and by the frequency and completeness of their emptying. Furthermore, they speculated that more frequent suckling, in addition to raising the current milk output, also has a positive feedback on the development of alveoli. More frequent suckling may also result in larger amounts of prolactin, somatotropin, and other galactopoietic hormones being released, which could further increase proliferation in glands (Algers, 1993) .
The control of milk secretion during lactation in ruminants is dependent on a locally active chemical inhibitor in milk that reduces milk secretion by negative feedback (Wilde and Peaker, 1990) . A similar inhibitor has been isolated in sow milk (K. Nicholas and S. Mailer, personal communication), suggesting that milk synthesis in sows is also controlled by autocrine inhibition. The rate of milk secretion increases only when the inhibitor in alveoli milk is removed during suckling. Conversely, a reduction in milk yield is caused by accumulation of the inhibitor when milk is stored for prolonged times in the mammary gland. The results of the present suckling frequency study suggest that at a given stage of lactation and assuming equal ability of piglets to empty glands, it is the frequency of gland emptying that plays a major role in regulating milk secretion.
In mammary development studies, mammary gland size has been used as an indicator of the potential for milk production. However, in the sow, little is known about the relationship between mammary gland size and milk production. Nielsen and Sorensen (1998) found significant correlations between piglet average daily weight gain and the weight of the mammary gland that the piglet was sucking. Heavier and more active piglets stimulated the mammary gland, eliciting more effective milk removal, resulting in a higher rate of mammary tissue growth. Overall, our data revealed a significant relationship between individual gland weight and milk yield from that gland during late lactation; each 1-g increase in gland weight (on a dry weight basis) was accompanied by an increase in milk yield of 6.9 g/d. Linzell (1972) reported that milk production per unit weight of udder tissue was relatively constant at approximately 5 g/g for livestock species, even though they differed widely in body size. The rate of increase in daily milk yield per gram DM of mammary tissue is described by the equations of the present study. For sows with litters of 12 piglets, the rate of increase was 7.8 g milk/d, whereas for cross-suckled sows the rate of increase was 5.1 g milk/ d. Because the glands from the cross-suckled sows were larger than those from sows with litters of 12 pigs (673 vs 354 g dry gland weight), the difference in slopes suggests a curvilinear relationship for milk production per gland as gland size increases.
The differences in live weight and backfat changes observed in the sows during lactation were consistent with the litter growth rates and milk yield of the sows on the respective treatments. Average daily milk consumption of piglets in single litters of 6 and 12 were 1,335 and 1,093 g, respectively, which relates to efficiencies of conversion of milk into daily gain between birth and 28 d of age of 5.30 and 5.33 g milk/g gain, respectively. The conversion of milk into daily gain for piglets in the crosssuckling treatment was more efficient and was only 4.47 g milk/g gain. The improved efficiency of milk conversion was probably due to less energy expenditure (Klaver et al. 1981 ) during the reduced number of daily suckles for each piglet in this treatment.
Total milk production in the sow is related to the number of functional glands, the suckling intensity, and the resultant milk removal from individual glands. The results of this experiment suggest that the frequency of suckling plays a role in regulating mammary gland development and milk production. The frequency of milk removal is often dependent on the interaction of suckling behaviors between piglets and the sow. Consequently, milk yield is under significant behavioral influence because the frequency of milk removal depends primarily on how frequently suckling is initiated. There may be potential to increase the frequency of suckling bouts and milk yield via auditory disturbance and social facilitation of suckling behavior. Stone et al. (1974) investigated the effect of auditory stimuli on milk production and concluded that playback of recorded feeding sounds could increase the suckling frequency, particularly in early lactation. Strategies to reduce the suckling interval and ensure completeness of milk removal during milk ejection should be explored further.
Implications
Frequency of suckling plays a role in regulating mammary gland development and milk production in sows. Efforts should be made to encourage greater suckling frequency and minimize disruption of suckling behavior in commercial pig herds so that sow milk yield is maximized.
